We have developed a method to measure task related regional cerebral blood flow (BF) responses in an awake, trained monkey using positron emission tomogra Abbreviations used: BF, blood flow; MRl, magnetic reso nance imaging; PET, positron emission tomography; ROJ, region of interest. Yamamoto M, Ficke DC, Ter-Pogossian MM (1982) Perfor mance study of PETT VI, a positron emission tomograph with 288 cesium fluoride detectors. IEEE Trans Nucl Sci 29:529-533
phy (PET) and H/50. We trained an animal with operant conditioning using only positive reinforcement to climb unassisted into a modified primate chair that was then positioned in the PET scanner. A special headholder and acrylic skull cap permitted precise placement and accu rate repositioning. We measured BF qualitatively with bolus injection of H2150 and a 40-s scan. Each session included scans at rest interposed with scans during vibra tion of a forepaw. Regional responses were identified us-Positron emission tomography (PET) permits measurement of task-related regional cerebral blood flow (BF) responses in humans. Such brain mapping studies have provided new insights into normal and abnormal function (Fox et ai., 1987a; Perlmutter and Raichle, 1988 ; Petersen et aI., 1989 ; Reiman et aI. , 1989 ; Tempel and Perlmutter, 1990) . As yet, similar studies have not been reported in animals. Therefore, we sought to develop a PET method for measurement of BF responses in a non human primate. Since preliminary attempts in anes thetized animals were unsuccessful, it was neces sary to train an awake monkey. Such an investment of effort is important as animal studies have the potential to permit investigation of the effects of pharmacological manipulations or the effects of chemical or anatomical lesions on functional brain responses.
ing subtraction image analysis. After global normaliza tion, a resting image was subtracted on a pixel-by-pixel basis from a comparable image collected during vibration. The region of peak response occurred in contralateral sensorimotor cortex with a mean magnitude of 11.6% (±3.2%) of the global mean value for 10 separate exper iments, significantly greater than the mean qualitative BF change (0.4 ± 3.6%; P < 0.00001) in the same region for seven rest-rest pairs. This newly developed technique forms the basis for a wide variety of experiments. Key Words: Activation-Blood flow-Monkey-Positron emission tomography-Vibration.
METHODS
All studies were performed on a single male nemestrina and had approval of the Animal Studies Committee of Washington University School of Medicine.
PET
PET was performed with a PETT VI in the high resolution mode (Ter Pogossian et aI., 1982; Yamamoto et aI., 1982) . Data were collected for seven slices simulta neously with a center-to-center separation of 14.4 mm. Transverse reconstructed resolution was � 12 mm in the center of the field of view.
Surgical procedure
We surgically anchored an acrylic skull cap onto the monkey's head. The animal was fasted overnight, al lowed access to water up to 2 h prior to surgery, anes thetized with ketamine 10-15 mg/kg i.m., and given atro pine 0.04 mg/kg i.m. to decrease secretions. A 20-gauge plastic catheter was placed into a limb vein for the ad ministration of medications. Anesthesia was maintained with thiopental 15-20 mg/kg i.v. and supplemented as necessary. Ophthalmic ointment was placed in the eyes to protect the corneas. The animal was intubated with a soft cuffed endotracheal tube to protect the airway. The head was shaved, prepped with Betadine and alcohol, and placed in a stereotaxic frame. The skull was exposed and small holes (three on each side, for a total of six) were drilled, carefully avoiding puncturing the dura. Nylon clips (Fig. 1) were inserted through these holes, just be-FIG. 1. This customized clip was made entirely of nylon. The lower "feet" could be squeezed together and slipped through a small twist-drill hole through the animal's skull into the epidural space. The nylon washer then fit above the skull and was secured in place with the "t" piece. The "t" piece was tightened with moderate pressure using a nylon screw. These nylon clips anchored the acrylic cap to the animal's skull.
neath the skull and above the dura. An acrylic cap ("Fast Cure"; Kerr-Sybron, Romulus, MI, U.S.A.) was molded over these clips and a plastic truncated cylinder (Fig. 2) was embedded in the center of the skull cap. The trun cated cylinder was grooved circumferentially to accept the clip that secured it to the headholder on the modified primate chair (Fig. 3) . The skin was allowed to heal at the edge of the acrylic cap. Routine daily care of the skull cap included cleansing the perimeter with hydrogen peroxide and Betadine. The animal participated in further studies 6 weeks later and tolerated the skull cap without complica tions.
PET procedure
We trained the animal with operant conditioning using only positive reinforcement. The animal would climb un assisted into a modified primate chair, shown in Fig. 3 (unmodified chair made by BRS/L VE, Beltsville, MD, U.S.A.), which was subsequently lowered to a supine position. A 20-gauge plastic catheter was inserted into a leg vein to permit administration of radiopharmaceuticals or drugs. The grooved cylinder that projected from the top of the skull cap (and exposed when the top cover piece was removed; see Fig. 2 ) fit securely into the head holder attached to the modified primate chair (Fig. 3) . The entire chair, with the animal in place, then was ad vanced along four guide bars attached to the front of the PETT VI. Precise calibration markers on the guide bars and direct measurements of the distances from the front of the scanner to marked locations on the primate chair permitted accurate repositioning for repeated studies. Additionally, a laser permanently attached to the wall projected a vertical line that corresponded to a known distance from the position of the PET slices. A lateral skull radiograph recorded the orientation and position of J Cereb Blood Flow Metab, Vol. 11, No.2, 1991 the PET slices by alignment of the laser line with a radi opaque wire.
Qualitative regional cerebral BF was measured after bolus administration of 40-50 /J-Ci of H215Q and a 40-s scan (Herscovitch et aI., 1983; Fox et aI., 1984) . We used vibrotactile stimulation of a forepaw since this activation paradigm produces a robust and consistent BF response in the contralateral sensorimotor cortex in humans that is FIG. 2. A side view (top) and a top view (bottom) of the cyl inder that permits attachment to the headholder. This cylin der is secured by dental acrylic to the monkey's exposed skull. There are two parts to this cylinder shown in the side view (top). The bottom part is exposed for a study and per mits secure positioning to the headholder. The top part fits over the bottom part, thereby presenting only smooth sur faces on top of the head. This top part is secured to the lower piece by a center screw and is left in place between positron emission tomography studies. This prevents the animal from accidentally catching the protruding posts and subsequently loosening the skull cap. The six small posts and larger center post on the exposed lower piece (with the top part removed) fit into the holes in the headholder on the modified primate chair (see Fig. 3 ). Once the posts fit into the holes, the head of the animal is quickly secured by plaCing an aluminum clip around a groove cut into the wider center post. The monkey is trained with operant conditioning using only positive rein forcement to climb unassisted into the chair and permit us to secure its head in the headholder. These studies are possible only with the animal's voluntary cooperation. easily identified with PET and H/ 5 0 (Fox et aI., 1987a) . A vibrator (model 91, 130 Hz, 2-mm amplitude; Dato, Higashi, Osaka, Japan) was held to the right forepaw dur ing each scan. The vibrator was on during about half the scans and off during the remaining control scans; the or der was chosen randomly. The lights were not dimmed (we wanted to optimize careful observation of the animal) and the ears were not occluded during the studies. We performed as many as six scans per study session, de pending upon animal cooperation. Cooperation was re quired for either activated (i.e., with vibrator on) or con trol (with vibrator off, but still held against the right fore paw). We injected almost exactly the same amount of radioactivity for all scans in each study session. After 1 h or as soon as animal cooperation began to diminish, as indicated by fidgety movements, the study session was stopped. At that point, ketamine 7-10 mg/kg i.v. was ad ministered to anesthetize the animal for a 30-min trans mission scan using a ring source of 68 Ge/ 68 Ga for individ ual attenuation correction.
Data analysis
Regional responses to vibrotactile stimulation were de termined using subtraction image analysis (Mintun et aI., 1989) . Prior to subtraction image analysis, we evaluated all image pairs (i.e., two sequential scans, either vibra tion-rest or rest-rest) for possible movement using per centage difference images. This was done by dividing one scan by the other on a pixel-by-pixei basis and viewing the seven-slice image with a color scale centered on zero percent change (i.e., both increases and decreases could be viewed on the same scale). In this fashion, subtle tilt or other movement produced easily detected edge artifacts. Those paired scans found to have such movement arti facts were not analyzed further. We performed subtrac tion analysis on the remaining scan pairs. Individual vi-bration scans were not included in more than one scan pair. Resting state control scans were subtracted pixel by pixel from scans during vibration after global normaliza tion. We defined a region of interest (ROO �9 x 9 mm (3 x 3 pixels) over the area of maximum response in one of the initial vibration-rest pairs (Fig. 4) . The location of this ROI was kept constant and applied to all other paired subtraction images. This permitted comparisons of the magnitude of response in vibration-rest pairs with the magnitude of qualitative BF change in similarly placed ROIs in rest-rest paired subtraction images. The anatom ical location of this ROI was identified by comparison with a stereotaxic atlas of the monkey brain using pro portional measurements in three orthogonal axes (Perl mutter et aI., 1989 ).
The regional values from the vibration-rest pairs were compared with those from rest-rest pairs with a two tailed, unpaired t test. The regional value from the origi nal vibration-rest image used to define the ROI was not included in Table 1 or included in the t test.
The accuracy of repositioning the animal within the scanner was determined by comparison of transmission images (made for individual attenuation correction, as noted above) using percentage difference images. We cal culated percentage difference images for two transmis sions collected on separate days with the animal posi tioned in the standard position (i.e., the position used for the vibration studies included in Table 1 ). We then com pared this percentage difference image with percentage difference images calculated from a standard position transmission scan paired with transmission scans col lected with the animal shifted 2 and 4 mm further out of the scanner. Thus, we performed three transmission scans in 1 day: (a) in the standard position, (b) 2 mm further out, and (c) a total of 4 mm further out than the standard position. Transmission scans were not normal ized before calculating the percentage difference images, as was done for the emission scans. Finally, the mean pixel changes for these percentage difference images were calculated.
RESULTS
We completed 14 study sessions with a total of 30 paired scans . We eliminated 13 of these pairs from further analysis because of movement artifacts de tected on the percentage difference paired images, leaving 10 vibration-rest pairs and 7 rest-rest pairs for further analysis. Figure 4 illustrates the position of the ROlon a typical vibration-rest subtraction image. The anatomical location of this ROl is in the left sensorimotor cortex, i.e. , contralateral to the side of vibrotactile stimulation. This same ROI was applied to the 10 vibration-rest and 7 rest-rest sub traction images. The mean magnitude of the quali tative BF increases within the ROl for the vibra tion-rest pairs was significantly higher than for the rest-rest pairs (Table 1) .
We also found that movement of the modified primate chair within the scanner by 2-to 3-mm in crements (up to 6 mm further in or 6 mm further out FIG. 4. Horizontal positron emission tomography (PET) im ages at the level of the sensorimotor cortex are shown for the resting state (i.e., vibrator held against the right forepaw, but turned off) (A), during right forepaw vibration (B), and a sub traction image computed after global normalization to an arbitrary mean value of 1,000 (C). The location of the region of interest (ROI) is shown. This same ROI, with the same PET coordinates, was used to analyze all subsequent subtraction pairs, as described in Methods.
of the scanner) did not yield a higher magnitude of response in the contralateral hemisphere.
The accuracy of repositioning the animal was confirmed by comparison of the percentage differ- a Two-tailed, unpaired t test: t = 6.66, df = 15. p < 0.00001. ence images made using the transmission scans (Fig. 5) . The mean pixel change was <0.8% (±4.6%) of the mean value for two standard posi tion transmission scans. A purposeful shift of the animal 2 mm produced -1.3% (±3.5%) and 4 mm produced -6.7% mean (±4.2%) change (Fig. 5 ) when these shifted transmission images were paired with standard position transmission images. DISCUSSION We have demonstrated that a defined stimulus, in this case vibrotactile stimulation, can produce a ro bust and consistent regional BF response that can be identified with PET in the brain of an awake monkey. To our knowledge, this is the first such demonstration. We first will review several impor tant methodological issues and subsequently dis cuss the implications of our findings.
There are several methodological issues that are key to implementation of this technique. We devel oped a specialized headholding apparatus necessary to ensure stabilization of the head within the PET scanner as well as to permit accurate repositioning for subsequent studies. The acrylic cap was secured to the skull with customized nylon clips (Fig. O . Almost all components of the head holder were fash ioned from nonmetallic materials to minimize atten uation and scatter and more importantly to permit use of the headholding apparatus in a magnetic res onance imaging (MRI) scanner for potential corre lation of PET and MRI data. Unfortunately, for rea sons unrelated to this study, this animal could not be studied with MRI. Another advantage of the headholding apparatus is the ease of use. The cyl inder embedded in the acrylic skull cap (Fig. 2) can be fastened to the headholder on the primate chair within a few seconds with a single aluminum clasp. This makes positioning the animal quick and easy.
Anatomical localization of the response from this study was accomplished by comparison with a ste reotaxic atlas of the brain using proportional mea surements in three orthogonal axes (Perlmutter et aI., 1989) . MRI using the same headholding appara tus would permit more precise localization for an individual animal, but comparisons with other ani-A 8 C mals would still require mapping the responses to a standard brain size. One approach would be to use proportional measurements in three axes for both the MRI and the PET data. In this way, each indi vidual animal's responses could be mapped to this standard atlas space. This would be similar to a method currently used for human studies (Fox et aI., 1985) . This approach would assume normal anatomy and the method would require modifica tion to account for an anatomical aberration.
The head holder and acrylic cap permitted accu rate repositioning of the animal for repeated stud ies. The variance in response magnitudes across dif ferent study sessions reflects in part the accuracy of this repositioning technique. Of course, changes in response magnitude also could reflect physiological variability. Percentage difference images of paired transmission images in the standard position dem onstrate the accuracy of repositioning of the animal within the scanner (Fig. 5 ). Intentional shift of the animal 2 and 4 mm produced greater evidence of movement on the percentage difference images (Fig. 5 ). This strongly suggests that attempted re alignment to the standard position on separate days was <2 mm in error in the z-axis.
Equally important, the headholder apparatus helped to prevent head movement during a single study, but did not eliminate all movement. It was necessary to adequately train the animal to lie still within the scanner. Initially, we were concerned that training the animal to lie on its back would be an insurmountable task. We found that by first training the animal while it was sitting in the primate chair and then later gradually leaning the chair fur ther back, the animal would tolerate the supine po sition. About 3-4 months of training was necessary. Nevertheless, movement did occur if the supine an imal arched its back while in the scanner, thereby tipping the entire modified primate chair. Subtle tip ping of the chair also occurred between two subse quent scans if the individual holding the vibrator ...
FIG. 5.
Percentage difference images are shown that com pare two transmission scans collected on different days with the animal placed in the same standard position (A); two transmission scans, one with the animal in the original stan dard position as for (A) and the other with the animal 2 mm further out of the scanner (8); and two transmission scans, one with the animal in the original standard position as for (A) and the other with the animal 4 mm further out of the scanner (C). Transmission scans for (8) and (C) were col lected on the same day. Ideally, perfect realignment of the animal in the scanner would result in a mean pixel change of O. Further movement should increase the measured change, as demonstrated by (8) against the animal's forepaw inadvertently leaned on the primate chair. All of these subtle movements were easily detected on the percentage difference images, as described in Methods.
Another important methodological issue was the choice of radiotracer. We wanted a tracer that would provide physiological measurements that re flect underlying neuronal activity. Regional mea surements of BF or glucose metabolism closely re late to neuronal activity under physiological condi tions and either may be appropriate (Fox and Raichle, 1986; Ginsberg et aI., 1987; Ginsberg et aI., 1988; Lear and Ackermann, 1989; Leniger-Follert and Hossmann, 1979; Raichle, 1987) . BF measure ments with bolus administration of H2150 (Hersco vitch et aI., 1983; Fox et aI., 1984) have two advan tages compared to glucose measurements using eSF]fluorodeoxyglucose: a short scan duration (40 s) and a short interscan interval (12-14 min) because of the 2-min half-life of 150. A short scan length was advantageous since we needed to assume constant physiological conditions and had animal coopera tion for only 40 s, as opposed to the much longer time required for eSF]fluorodeoxyglucose studies. Furthermore, the much shorter interscan interval for bolus H2150 studies minimized the time neces sary for the animal to remain in the same position. This length of time is crucial as movement between activated and resting state paired scans produces misalignment of images.
Another important consideration for interpreta tion of these studies was the limited spatial resolu tion of the PET images. We used the PETT VI in the high-resolution mode, which has relatively low spatial resolution, 12 mm in the transverse plane. Additionally, data sampling in the z-axis was limited by a center-to-center slice separation of 14.4 mm. Both of these technical factors tend to lower the measured response magnitudes. We tried to find the optimal z-axis position by repeating studies with the animal at different axial positions in the scanner, a tedious operation. Newer scanners with greater z axis sampling and higher spatial resolution will di minish these limitations (Spinks et aI., 1988; Litton et aI., 1990) .
What is the importance of the ability to perform activation studies in an awake, nonhuman primate? After all, brain mapping with BF and PET in normal humans has revealed new insights into visual (Fox et aI., 1987b) , language (Petersen et aI., 1989) , and emotional (Reiman et aI., 1989) processing. Re gional responses found in these studies provide in formation about relevant functional brain anatomy. They are, however, necessarily limited because of the required participation of human subjects. Ani-J Cereb Blood Flow Metab. Vol. 11. No. 2. 1991 mal studies could permit evaluation of pharmaco logical manipulations, effects of specific anatomical lesions, investigation of animal models of disease, and comparisons with electrophysiological experi ments. Each of these approaches has the potential to provide additional insight into brain function.
Pharmacological manipulation of evoked brain responses could provide further information about various neurotransmitters or modulators that may be involved in specific brain functions. Such exper iments could be performed more easily in animals because of potential risks to humans. The effects of acute or chronic drug treatments could be investi gated. Of course, it would be important to carefully distinguish direct vascular effects of drugs from al terations of neuronal activity. Drugs with differen tial penetration of the blood-brain barrier could help investigate such issues. In some cases it may be helpful to also measure metabolic or electrical responses, in addition to BF responses.
Further insights into the functional relationships among different brain regions may be found by eval uation of the effects of specific anatomical lesions, again possible only in nonhuman subjects (Sakatani et aI., 1990) . Such discrete lesions should be suffi ciently distant from the site of measured regional BF responses to not alter radioactivity measure ments from the ROI because of partial volume ef fects (Mazziotta et aI., 1981) . This could be evalu ated by measurement of resting BFs in the regions where the normal BF response may occur. If the resting values were not affected by the potentially lower flows in a lesioned region, it is less likely that the BF response would be altered by volume aver aging.
Animal models of disease also could be investi gated for their effects upon specific task-related processing. For example, intracarotid injection of I-methyl-4-phenyl-l,2,3,6-tetrahydropyridine de pletes ipsilateral striatal dopamine levels and can produce hemiparkinsonian monkeys (Joyce et aI., 1985) . Appropriate motor activation paradigms in such monkeys might lead to further insights about the effects of striatal dopamine depletion on various tasks. In fact, noninvasive brain-mapping studies could permit evaluation of a motor task in such a parkinsonian monkey and also repeat evaluation in the same animal after pharmacological intervention (Barone et aI., 1987) .
Regional BF responses identified with PET indi cate that a particular area of brain is involved in processing related to the relevant stimulus. It must be remembered that this is a very gross view of brain function; changes in neuronal activity of spe cific cell populations cannot be identified. Further-more, BF increases may not necessarily indicate increases in excitatory neuronal activity. Inhibitory neuronal activity may produce as much metabolic or BF increase as excitatory activity and therefore be indistinguishable on these BF studies (Auker et al. , 1983) . Electrophysiological investigations may provide important complementary information about underlying neuronal activity. PET can survey the terrain, whereas electrophysiological tech niques can delve into the specific details.
